Road deposited sediments (RDS) swept from highways in South Korea were characterized to quantitatively evaluate the reduction in non-point source pollutants by sweeping. The swept RDS consisted primarily of sand (63 μm to 2 mm) particles (80.34 ± 8.33% of total weight) highly contaminated by organics, nutrients and heavy metals. The average concentrations of total organic carbon (TOC), biochemical oxygen demand (BOD), volatile solids (VS), total nitrogen (T-N), and total phosphorus (T-P) were 20.17 ± 9.13, 1.04 ± 0.62, 39.92 ± 16.55, 1.99 ± 0.96, and 0.54 ± 0.19 g kg À1 (±one standard deviation), respectively, for 63 μm to 2 mm RDS. The concentrations of the pollutants were high for RDS smaller than 63 μm, but most of the mass was associated with the 63 μm to 2 mm RDS. The results suggest that the pollutants associated with RDS swept from highways originated mainly from engine wear, exhaust emissions, and tire wear. These results were different from the RDS on roads in residential and commercial areas, where natural particles and brake wear contribute significantly to RDS. In addition, the reductions in TOC, BOD, VS, T-N, T-P, Cu, Pb, Zn, Fe, and As based on the swept RDS measurements were calculated to be 3Cr were 28.7-534, 23-708, 37.3-699, 0.9-4,024, 0.44-2,665, and 4.3-324 mg kg À1 , respectively (Wei & Yang ; Hu et al. ). The RDS and the pollutants associated with RDS are originate from vehicle exhaust, deicing salt, pesticides, herbicides, and the abrasion of tires, brakes, body frames and road materials (i.e. railings and fences) (Taylor ). RDS and the pollutants associated with RDS are washed off and carried out to the adjacent 194
INTRODUCTION
The control of non-point source pollutants has recently gained increased attention. It is expected that the load of biochemical oxygen demand (BOD) and total phosphorus (T-P) from non-point sources, i.e. highways, will reach 72.1 and 68.6%, respectively, of the total load in Korea by 2020 (Korea Office of Prime Minister et al. ). Considering the great significance of non-point source pollution, the Korean government has started a 17-year (2004-2020) Non-point source pollutants are carried to natural water systems via runoff during rainfall and can be controlled by structural devices (i.e. infiltration trenches and sand filters), but there are difficulties in the design, operation and maintenance of these systems (Siriwardene et al. ) . On the other hand, the removal of road deposited sediments (RDS) by sweeping has been focused recently as a preventive and highly cost-effective method for reducing the pollutant load in runoff (Martinelli et al. ) .
RDS is known to be an important non-point source of pollutants in runoff. RDS is highly contaminated with a variety of pollutants such as heavy metals, metalloids, polycyclic aromatic hydrocarbons (PAHs), and nutrients (Herngren et al. ) . The concentrations of organic matter, total organic carbon (TOC), volatile solids (VS), total nitrogen (T-N), total Kjeldahl nitrogen (TKN), and T-P in RDS were found to be 1-20%, 6-28%, 11-54%, 2,280-6,310 mg kg À1 , 2,080-13,200 mg kg À1 , and 2,760-5,150 mg kg À1 , respectively (Bian & Zhu ; Seattle water bodies during rainfall by runoff. Sweeping is the operation of removing RDS from the road surfaces to improve runoff water quality. The government of Korea has launched research projects for the evaluation of pollutant reduction in runoff by sweeping to determine the potential of sweeping in pollution control. The results would be used to determine the contribution of sweeping to meet the goals of the 'Comprehensive Measures for Non-Point Source Pollution Management in the Four Major Rivers' (Korea Office of Prime Minister et al. ).
Previous work has suggested that highways contribute more to the generation of RDS, storm water pollutants, and air pollutants because of the higher impermeability and heavier traffic loads than local roads (Kang et al. ) . The term 'highway (expressway)' indicates the roads designated for use only by high speed motor vehicular traffic (Article 63, Korean Road Traffic Act) and is characterized by higher speed limit, which is 100 or 110 km/h and heavy traffic. As of 2013, the highways in Korea have a total length of 4,111.5 km, which is 3.8% of the sum of the lengths of highways, national roads, and local roads (Ministry of Land, Infrastructure and Transport Affairs ). However, the average daily traffic of highways in Korea was 46,403 vehicles day À1 , which was significantly higher than that of national roads (11,587 vehicles day À1 ) and local (5,566 vehicles day À1 ) roads. In addition, 191.4 million vehicle-kilometers were traveled on highways in 2014, which was also higher than in national (146.6 million vehicle-kilometers) and local (80.9 million vehicle-kilometers) roads (Ministry of Land, Infrastructure and Transport Affairs ) . This result suggests that more RDS may be deposited on highways, and the highway RDS may be more significantly polluted than the RDS on national and local roads per unit length.
However, the reduction of pollutants in highways by sweeping have not been quantitatively investigated. Therefore, the pollutants associated with RDS swept from highways were analyzed to evaluate the non-point source pollutants reduced by highway sweeping in this study.
METHODS
Twenty-five samples of highway swept RDS were collected in seven storage areas, where the swept RDS was deposited temporarily until it was transported to treatment and disposal facilities, in Korea (Figures 1 and 2) . At each storage area, two to five samples were taken from July to December 2013. For each sample, we took 1 kg of sub-samples from five different random positions of the most recent swept RDS pile, mix them and, finally, took around 3 kg of the sample to the laboratory. The swept RDS in the storage areas was collected from Kyungboo highway, Korea, and sampling and analysis was conducted within 1-2 days after sweeping.
Debris, such as grass clippings, intact leaves, broken plastic, cigarette butts, gravel, bricks, and broken glass were removed manually. Then, the samples were dried at 105 W C . BOD was measured as proposed by Tetra Tech (). A certain amount of sample (0.2-5 g) was put into a BOD bottle and the bottle was filled with dilution water, and then were incubated for 5 days at 20 ± 1 W C. Dissolved oxygen (DO) was measured using a DO meter (Orion Star A113, Thermo, USA), before and after the incubation. It should be mentioned that the biodegradable organic fraction could be altered during the drying of RDS before analysis, even though we have not found any publications reporting this issue. The concentration of heavy metals was measured according to US EPA SW-846 Method 6010c, after the digestion USEPA 3051A (USEPA ; da Silva et al. ). Briefly, the RDS was ground and put into a Teflon tube and 9 mL of HNO 3 and 3 mL of HCl were added. The tube was placed in a microwave system (MARS5, CEM, USA) and kept for 4.5 min at 175 W C. The resultant solution was diluted with HCl and analyzed for heavy metals using inductively coupled plasma atomic emission spectroscopy (OPTIMA 5300 DV, Perkin-Elmer). Particles >2 mm were not analyzed for pollutant concentrations because it is known that the particles coarser than 2 mm are of limited importance in transporting adsorbed metals in urban systems, from both hydraulic and geochemical aspect (Stone & Marsalek ) . The weight-averaged concentrations of the pollutants were calculated to obtain the concentrations of <2 mm particles.
To quantify the reduction of the pollutants associated with RDS by sweeping, the swept RDS amount should be given. Therefore, a series of field experiments was conducted to estimate the swept RDS amount per unit swept length of highway. The RDS on highway surface and the remaining RDS after sweeping, i.e. residual RDS, were collected 15 times over the period from November 2013 to July 2014, at a section of Kyungboo highway, having five lanes on each, in Korea. They were taken with a vacuum cleaner (Shop-Vac, USA), within 3 m along the kerb and 1 m from kerb (Crosby et al. ) . The weight of RDS and the residual RDS were measured and divided to provide the load of RDS before sweeping (L B ) and residual RDS after sweeping (L A ). The antecedent sweeping was 7 days before sampling. The samples were dried and weighed and the swept RDS amount was estimated from the difference between the weights of RDS and residual RDS.
RESULTS AND DISCUSSION

Particle size distribution of swept highway RDS
The average weight fractions of the swept RDS with sizes of <63 μm, 63 μm to 2 mm and >2 mm were 2.45 ± 1.78, 80.34 ± 8.33 and 17.21 ± 8.41% (±one standard deviation), respectively ( Table 1) , indicating that sand-sized particles were dominant. There was no publication we could find, about a study about the particle size distribution of swept highway RDS. The particle size distribution of RDS in other studies vary significantly. Bian & Zhu () showed that the particles of <63 μm was approximately 40% of RDS rom residential and riverside park areas, but it was less than 20% in RDS in commercial and intense traffic area. However, Zhao et al. () showed that the fraction of <62 μm particles, out of RDS in Beijing, was less than 15% and Yuen et al. () reported that the fraction of <63 μm particles in the RDS taken at 15 sites in industrial area and residential area was 0.6-5.9% and 0.6-3.9%, respectively.
This result is encouraging because the RDS removal efficiency increases as the particle size increases (Calvillo et al. ) . It was previously reported that the fractions of >2 mm particles were 18.33% and 29.67%, those of 75-250 μm particles were 21.00% and 13.67%, and those of <75 μm particles were 9.33% and 4.33% for the RDS on a road surface and swept RDS, respectively (Seattle Public Utilities & Herrera Environmental Consultants ). Pitt et al. () also reported that the pick-up efficiencies of a mechanical sweeper and of a vacuum-assisted sweeper were higher for 0.05-2 mm particles than <0.050 mm particles. Similar results were also provided by Breault et al. () .
Organics and nutrients associated with swept highway RDS
The average concentrations of the pollutants for 63 μm to 2 mm and <63 μm particles are provided in Table 2 . The concentrations of organics and nutrients were highly variable and those of <63 μm RDS were higher than those of 63 μm to 2 mm RDS.
There are a considerable number of studies related to heavy metals and PAHs associated with RDS (Nguyen et al. ). However, few results have been reported so far for TOC, BOD, COD, and nutrients associated with RDS. The concentrations of organics in swept RDS and RDS reported elsewhere were higher than the TOC and VS in this study. The mean values of VS, TOC, TKN and T-P of the RDS swept in Seattle, WA, USA, were in the range of 9-14%, 8-12%, 3,090-3,540 mg kg À1 , and 516-648 mg kg À1 , respectively (Seattle Public Utilities & Herrera Environmental Consultants ). Conversely, the RDS collected from road surfaces in several locations in Zhenjiang city, which is representative of medium-sized cities in eastern China, showed that the average concentrations of organic matter, COD, T-N, and T-P were in the ranges of 7.39-12.55%, 32.25-75.55 g kg À1 , 3.78-6.81 g kg À1 , and 3.52-5.15 g kg À1 , respectively (Bian & Zhu ) . The higher levels of organics in the studies of Seattle Public Utilities & Herrera Environmental Consultants () and Bian & Zhu () were attributed to the presence of the sources of organic matter other than vehicle and road materials. The swept RDS in Seattle and the RDS in Zhenjiang city were collected from the roads in commercial, riverside park, residential, semi-industrial, and intensive traffic , it seems clear that the anthropogenic sources contribute significantly to the organics and nutrients in RDS. Strong or very strong correlations were observed between TOC and BOD, TOC and VS, and BOD and VS, while there was a moderate correlation between TOC and VS for 63 μm to 2 mm RDS (Table 3 ). This indicates that TOC, BOD and VS may possibly be estimated from one another, and that the organics might originate from similar sources, i.e. tire wear and combustion exhaust emissions. No significant correlation was observed between T-N and T-P. However, T-P showed a strong and a moderate correlation with TOC and BOD, respectively, for the dominant size fraction (63 μm to 2 mm) of RDS. This result indicates that a significant part of the organic matter and phosphorus were generated from the same sources, i.e. combustion exhaust emissions. Anthropogenic combustion is known to be the major source of PAHs (Herngren et al. ) as well as phosphorus and Zn; the origin of Zn was shown to be zinc di(organo) di(thio) phosphate contained in lubricants (Agarwal et al. ) .
Heavy metals associated with swept highway RDS
The average concentrations of Cr, Ni, Cu, Pb, Mn, Zn, Mg, Fe, Al, Co, and As of 63 μm to 2 mm RDS, the dominant size fraction, were 185.7 ± 36.7, 83.5 ± 19.1, 264.0 ± 57.0, 249.2 ± 61.7, 1,165.2 ± 248.4, 1,778.7 ± 233.2, 9,171.8 ± 896.4, 68,743.3 ± 7,883.1, 15,375.6 ± 1,836.3, 11 .5 ± 1.4, and 2.3 ± 0.2 mg kg À1 (± one standard deviation), respectively, for 63 μm to 2 mm RDS. The concentrations of <63 μm RDS were higher than those of 63 μm to 2 mm RDS ( Table 4 ). The concentrations of all the heavy metals in this study were within the range of reported values. The reported concentrations of Cr, Ni, Cu, Pb, Mn, Zn, Fe, and Cd of RDS are highly variable, which are 0. 3-1,245, 8-208, 24-730, 11-1,927, 258-3,966, 60-4,892, 7,132-1,03 ,000, and 0.1-72 mg/kg, respectively, as summarized by Hu et al. () and Nguyen et al. () .
The concentrations of Cu, Pb, and Zn of both <63 μm RDS and 63 μm to 2 mm RDS, were much higher than the 'worrisome level' of soil contamination by Article 4-2 of the Soil Environment Conservation Act, Korea (Soil Environment Conservation Act ). Moreover, the concentration of Cu of <63 μm RDS and that of Pb and Zn of both <63 μm RDS and 63 μm to 2 mm RDS were higher than the 'countermeasure standards' by Article 16 of the Soil Environment Conservation Act. The 'worrisome level' means the level of soil contamination, which is likely to obstruct the health and properties of persons or rearing of animals and plants and a detailed soil survey should be carried out for the soils in 'worrisome level'. In addition, the 'countermeasure standards' means the standards of soil contamination, which is likely to obstruct human health and properties or rearing of animals and plants and, accordingly, would necessitate the countermeasures (Soil Environment Conservation Act ).
Among the metals analyzed, Fe showed the highest average concentration, followed by Al, Mg, and Zn. The high concentration of Fe is generally attributed to iron-rich combustion particles and natural sources, while that of Zn is attributed to lubricants (Bian & Zhu ; Crosby et al. ) . Thus, the high concentrations of Fe and Zn originated from exhaust emission due to the high traffic and to the accelerated fuel combustion of the vehicles at high speed on the highway. The exhaust emission, including combustion byproducts and engine wear particulates, also contributed significantly to the Pb and Cu concentrations. The sources of Pb include exhaust particulates, engine wear, tire wear and brake wear, while those of Cu include For the 63 μm to 2 mm RDS, Zn showed strong positive correlations with Cr, Ni, Pb, Mg, Co and As, while Zn showed moderate correlations with Cu, Mn, Fe and Al. Cu showed strong positive correlations with Cr, Ni and Pb, while Cu showed moderate correlations with Zn, Fe, Al, Co and As. Fe showed strong positive correlations with Al, while Fe showed moderate correlations with Cr, Ni, Cu, Pb, Zn, Mn, Co and As (Table 5 ). The significant correlations between Fe, Zn, Cu and Ni indicated that the metals might originate from anthropogenic sources (Apeagyei et al. ). Meanwhile, Fe and Al showed a strong correlation, indicating that Fe originated not only from vehicles but also from natural sources (Crosby et al. ) . Interestingly, Fe and Pb did not show a correlation, probably due the relatively low brake wear of vehicles on highways.
Distribution of pollutants and pollutant reduction by sweeping
The concentrations of all analyzed pollutants of all samples were higher for <63 μm RDS than 63 μm to 2 mm RDS. However, 91.9-96.4% of the total mass of the pollutants in the total RDS were associated with 63 μm to 2 mm particles ( Figure 3 ) because those particles were dominant (Table 1) , except for Co (89.1%) and As (78.9%). This is in agreement with other studies (Lau & Stenstrom ; Calabrό ) .
These results indicate that the removal of larger particles can play a major role in the reduction of the pollutants on road surfaces. These results also suggest that almost all of the pollutants can effectively be removed from the road by sweeping because the pick-up efficiency of RDS by sweepers increases as particle size increases (Zhao et al. ) .
Based on the RDS collected directly from highway, the average RDS loads were 358.17 ± 71.17 and 18.18 ± 5.47 kg km À1 , while the average loads of residual RDS after sweeping were 183.21 ± 19.80 and 11.77 ± 2.35 kg km À1 (± one standard deviation), for 63 μm to 2 mm and <63 μm RDS, respectively. The particle size distribution, the pollutant concentrations of the RDS, and the residual RDS were also analyzed, but these will be presented separately in the future. The characteristics of the removed RDS were identical to the swept RDS analyzed in this study. The reduced load of each pollutant (L R,i ) was calculated based on the removed (swept) RDS load and the average concentration of each pollutant in the swept RDS according to Equation (1):
Here, L R,i is the reduced load of pollutant i by sweeping (g km À1 ), L B is the RDS load before sweeping (g km À1 ), L A is the RDS load after sweeping (g km À1 ), and C i is the concentration of the pollutant i of swept RDS (g kg À1 ). The results showed that the average total reductions of TOC, BOD, VS, T-N, T-P, Cr, Ni, Cu, Pb, Zn, Mg, Fe, Al, Co, and As per km of highway were 3,355.3, 175.1, 6,621.4, 323.0, 88.3, 30.3, 13.7, 61.0, 43.0, 303.4, 11,198.7, 2,546 .0, 1.9, and 0.4 g km À1 , respectively (Table 6 ). The results also indicate that almost all of the reduction was accomplished by the removal of 63 μm to 2 mm RDS.
CONCLUSIONS
In this study, the characteristics of RDS swept in Korean highways were analyzed to evaluate the reduction in nonpoint pollutant by sweeping. The swept RDS was made up primarily of sand sized (63 μm to 2 mm) particles. The average concentrations of TOC, VS, BOD, T-N, and T-P of 63 μm to 2 mm RDS were 20.17 ± 9.13, 91.92 ± 33.60, 1.04 ± 0.63, 1.99 ± 9.55, and 0.54 ± 0.19 g kg À1 , respectively. Fe showed the highest concentration followed by Al, Mg, Zn, Mn, Cu, Pb, Cr, and Ni. The concentrations of organics and nutrients in this study was less than those of RDS in residential area reported elsewhere and those of heavy metals were comparable to the values in other studies. For all pollutants, the concentration was higher for <63 μm RDS, however, almost all of the pollutants were associated with 63 μm to 2 mm RDS because of the dominance of this size fraction. The pollutant concentrations and the correlations between them suggested a possibility that the sources of organic matter, phosphorus, and heavy metals in RDS swept in highways were engine wear, anthropogenic combustion exhaust emission, and tire wear. These are specific characteristics of highway RDS because the RDS collected in residential and commercial areas originated from natural particles from grasses, gardens, residences, and brake wear. In addition, the reduction of the pollutants associated with RDS by sweeping could be calculated based on the characteristics of the swept RDS and on the swept RDS amount. 
